On the basis of the previous publications, our new data and the existing scientific literature,
Introduction
Quantitative data on the filtering activity of various benthic filter-feeders have been obtained (e.g., Alimov, 1981; Gutelmaher, 1986; Newell 1988; Monakov 1998 and many other authors). A significant body of data on planktonic filter-feeders was produced (e.g., Sushchenya, 1975; Zankai, 1979; Starkweather & Bogdan, 1980) . We have found new evidence of the vulnerability of that activity of filter-feeders to some chemicals (Ostroumov, 1998 (Ostroumov, , 2002a (Ostroumov, , b, 2003a . In order to better understand the implications of those effects, it is worth analyzing the fundamental patterns in the data on the filtration activity of aquatic organisms.
The goal of this paper is to contribute to that analysis.
In the paper we address the following topics:
1. Some examples of the filtering activity and clearance time in some water bodies; 2. Diversity of filter-feeders: its role in reliability of the biomachinery involved in water filtration; 3. The concentration of particles: effects on filtration rates;
4. Production of pellets by filter-feeders. Role for the ecosystem; 5. Filter-feeders and regulation of the ecosystem; 6. Author's new experimental data on effects of chemicals on filter-feeders.
Examples of the filtering activity and clearance time in some water bodies
Among many examples of quantitative studies of various aquatic species, we mention here only a few examples. Thus, the filtration activity of Eudiaptomus gracilis (copepod) in Lake Balaton was in winter 0.11 ml animal )1 day )1 and in summer 1.44 ml animal )1 day )1 ; their maximal activity was as high as 3.27 ml animal )1 day )1 (Zankai, 1979) . The filtration activity of Keratella cochlearis was 5-6 ll animal )1 h )1 (Starkweather & Bogdan, 1980) . A higher activity (5-30 ll animal )1 h )1 ) was reported for Brachionus calyciflorus when they were feeding in the laboratory on ciliates (Coleps sp.) (see . Some other examples are in Tables 1 and 2 below.
The filtration rate for a number of benthic organisms was as high as 4.7-10.2 l g
)1 h )1 (dry body weight; see Dame et al., 2001) .
In detailed studies it was shown that the filtration rate FR (l h
)1 ) increased with increasing body weight W (dry weight of the soft parts) according to the equation (Sushchenya, 1975; Alimov, 1981; Kryger & Riisga˚rd, 1988) FR ¼ aW b
The data for a and b for many species were determined (e.g., Alimov, 1981; Kryger & Riisga˚rd, 1988) . Thus, the a value for Dreissena polymorpha was 6.82 (feeding on Chlorella vulgaris), and for Sphaerium corneum, 2.14 (also feeding on Chlorella vulgaris (Kryger & Riisga˚rd, 1988) . As for b values, they are often within the range from 0.46 to 0.92 (Kryger & Riisga˚rd, 1988) .
Studies by many authors have shown that the total filtering activity of benthic populations of bivalves (e.g., Unionidae, Dreissenidae) is often within the range from 0.1 to 5 m 3 m )2 day )1 (see : Ostroumov, 2003a ). Multiple species 2.8-6 days Hily (1991) It is important that the filtering activity is so high that the total volume of many water bodies is filtered within a time period of from 1-2 days to some dozens of days. Even if only benthic filter-feeders are taken into account, that time period is from one day to several dozens of days (see Table 1 ). If only planktonic filter-feeders are considered, similar results were reported (Gutelmaher, 1986) .
Diversity of filter-feeders and its role for reliability
The biodiversity of organisms that are involved in filter-feeding covers uni-and multi-cellular, planktonic and benthic, freshwater and marine organisms (Alimov, 1981; Krylova, 1997; Monakov, 1998; Dame et al., 2001; Shuntov, 2001 ). Here we consider only invertebrates and mainly benthic organisms. However, in order to indicate the broad biodiversity involved, some examples of vertebrates could be mentioned: filter-feeding is a way of trophic activity of some fish (Clupeidae and many others) and even birds (flamingo, Phoenicopteridae).
Filtration rate was measured for a number of taxons of invertebrates (Alimov 1981; Kryger & Riisga˚rd, 1988 and others) . Some examples for benthic filter-feeders are given in Table 2 . It is Krylova (1997) interesting that for a number of taxons the filtering rate is as high as up to 10 l g )1 h )1 (dry weight of the filter-feeder).
Such filter-feeders as brachiopods are important but the quantitative data on their filtration rates are not available. They are important in both shallow habitats (e.g., Tythothyris rosimarginata, 5-25 m) and deep bottom habitats -e.g., Pelagodiscus atlanticus (366-5530 m), Multitentacula (Dentaria) amoena (found at 5060 m), Bathyneaera hadalis (2970-8430 m) (Krylova, 1997) .
The diversity of organisms involved in water filtration makes the entire ecosystem activity in water filtration and seston removal more reliable. It is interesting to note that each of the two main parts of the aquatic ecosystem (the pelagic and benthic parts) has several taxons of filter-feeders; it is noteworthy that many of the benthic filter feeders (e.g., bivalves) produce larvae that constitute another element of pelagic filter-feeders. The various taxons of filter feeders may have different food requirement and complement each other. However their ecological niches partially overlap, which increases the reliability of the entire water filtering activity of aquatic biota en bloc.
The concentration of particles: effects on filtration rates
Studies of filtering activities at various concentrations of particles were performed (e.g., Schulman & Finenko, 1990; Monakov, 1998) . At relatively low concentration of particles, the dependence of the filtration rate on the concentration of particles is usually linear or almost linear. At the concentration of particles above certain threshold, a nonlinear dependence of the filtering rate on the concentration of particles was found in many cases (Schulman & Finenko, 1990) . One of many examples of studies of that type is illustrated by the data of Table 3 .
In several studies it was shown that the higher the concentration of suspended particles (the cells of algae, etc.), the lower is the filtration activity and (in relative terms) the grazing pressure on seston.
That pattern of the filtering activity and consumption activity was reported in many other cases. Among them are Mytilus galloprovincialis (feeding on Gymnodinium kowalevskii) (Shulman & Finenko, 1990) , Brachionus calyciflorus (feeding on Langerheimia ciliata, Scenedesmus acuminatus), Daphnia magna, D. rosea, Diaphanosoma brachyurum and other filter-feeders (Sushchenya, 1975; Monakov, 1998) .
It means that when for some reason the concentration of phytoplankton increases above certain threshold, the grazing pressure on it -at least in some cases -might not be increased proportionately, which means that some relative decrease of the control of the phytoplankton takes place. It might open the way for further growth of the phytoplankton. That pattern of cause and effect is an exemplification of the system of positive feedbacks. A detailed discussion of the role of positive feedbacks was given in (Dame et al., 2001) .
As a final result, the above mentioned might contribute to the local increase in the relative Calculated by the author on the basis of the data presented in Monakov (1998) .
phytoplankton abundances in some parts of aquatic ecosystems. The relative increase in phytoplankton changes some other parameters of the local aquatic environment (transparency of water, amount of detritus, etc.) so that the heterogeneity of the aquatic habitat increases. The level of heterogeneity of the habitat is a very important parameter from the viewpoint of general ecology and it is necessary to take into consideration all possible mechanisms that contribute to its formation.
Production of pellets by filter-feeders. Role of the process for the ecosystem. Ecological taxation
The role of organic matter produced by filterfeeders as pellets and detritus is of so high an importance to the ecosystem that it can be viewed as a service done to ecosystem or a type of ecological tax paid by filter-feeders. To evaluate the amount of the tax or to make the picture more visible, it makes sense to compare the amount of pellets excreted and the productivity of populations of filter-feeders. That kind of comparison may be done by calculating the ratio F:P (F -excreted non-digested, non-assimilated organic material; P -productivity). It should be noted that the ratio gives only a rough (and perhaps indirect) estimate of that what might be considered the tax as the pellets are covered by a mucus layer. The mucus is a product of metabolism of invertebrates and some energy is spent on its synthesis. The formation of the mucus envelope for the pellets is another evidence of the special role of the function of pellet production. To pay the tax in an organized way, the organism sacrifices (or donates) valuable metabolic energy and effort to synthesize a special package for the material returned to the ecosystem. The mucus envelope contributes to better hydrodynamic attributes of the pellets so that they faster move downward to the deeper layers of water or to the bottom. The downward transfer of organic matter is important for the well-being and stability of the ecosystem.
What is said above generates interest in calculating the ratio F:P. An example of the calculation is given in Table 4 , where the original data are part of the energy budget of the ecosystem of the central part of the Sea of Okhotsk in the summer time.
We may consider P (productivity) as an analogy of profit, and F might be viewed as an estimate of what the organism returns to the community as a tax towards some stability of environment.
Another way of calculating an estimate of ecological tax is the ratio F: (P + R), where P and R stands for productivity and respiration, respectively (Table 5) . Again, we have to make some reservations and emphasize that this ratio is only a rough estimate as some metabolic energy was spent on the synthesis of the mucus envelope for the pellets.
Discussing the pellets, it is worth mentioning that the mucus that covers the pellets has several roles. It was shown that mucus binds various pollutants from water, including some metals (for discussion, see Ostroumov, 2001c) .
As a result of pellet production, some amount of the material is deposited on the bottom. The amount of the biosediment formed was measured in a number of studies. Some examples are given in Table 6 . . Calculated by the author on the basis of the data on P and F from the work by Sorokin et al. (1997) .
Filter-feeders and regulation of the ecosystem
We would like to emphasize that another important role of filter-feeders in ecosystems is the regulation of abundance of some key players in the ecosystem including not only algae but also bacteria. By doing so, filter-feeders control an extremely active process of oxidation of organic matter in the ecosystem as the bacteria are sometimes the most active actors in performing the oxidation of organic matter in aquatic ecosystems (see, e.g., Table 7) . Also, the table shows that filter-feeders themselves (zooplankton plus part of zoobenthos) are also an important Table 5 . The ratio F:(P + R) in some filter feeders (calculated by the author per 1 unit of energy spent on the sum of productivity and respiration) Organisms P + R (production + respiration) 
66.67
Note: Vinogradov & Shushkina (1987) -the region of the upwelling (Peru, 2 miles from the seashore). part of the biomachinery for carbon oxidation in the ecosystem. From the data of the Table 7 , we clearly see the role of bacteria. Important are also the other organisms that help bacteria, e.g., by producing extracellular organic metabolites, recycling nutrients (excretion of various forms of nitrogen and phosphorus) that are available for bacteria. Moreover, the regulatory role of filter-feeders is also important towards some optimization of the rates of oxidation of organic molecules by bacteria and other small heterotrophic organisms.
Analyzing the role of filter-feeders in regulating the abundance of bacteria and therefore their oxidation activity, we should also underline another aspect of the influence of filter-feeders on heterotrophic bacteria. This aspect is the production by filter-feeders of the pellets rich in organic matter that provide the organic substrate for heterotrophic bacteria, and also provide the organic molecules that serve the function of electron acceptors for some anaerobic bacteria of sediments.
Author's new experimental data on the effects of chemicals on filter-feeders
It is important to better understand the implications of water pollution, including some potential effects of pollutants on filter-feeders and their functional activities. We have studied the effects of some chemicals (surfactants and others) on the filtering rate of invertebrates. The individual chemicals tested represented all three main classes of surfactants: anionic, cationic, non-ionic surfactants. The representatives of those that were tested were SDS, TDTMA, and Triton X-100, respectively. Some inhibition was found (Ostroumov et al., 1997; Kartasheva & Ostroumov, 1998 , 2000a , b, c, 2002a Ostroumov et al., 2003b) . Surfactant SDS inhibited the filtration activity of Mytilus edulis (Ostroumov et al., 1997) . Surfactants TDTMA and SDS (both at 0.5 mg l )1 ) inhibited the filtration activity of Crassostrea gigas (Ostroumov, 2003a) . TDTMA (0.5 mg l )1 ) inhibited water filtration by rotifers (Kartasheva & Ostroumov, 1998; Ostroumov et al., 2003b) . Quantitative data on the effects of some chemicals on filter-feeders are presented in Table 8 . To measure the effect of the chemicals, we used monitoring the amount of suspended matter that stayed in water after a certain period of filtration by invertebrates. As a result of the filtration, some suspended matter was removed from the water. If the filtration activity was inhibited by the chemical, the amount of the removed suspended matter was less than the amount of that removed in the control. Therefore the concentration of the non-removed suspended matter in water was higher in the system with the chemical tested than in the system with uninhibited activity of filter feeders. We calculated the ratio of the concentration of suspended matter in the system with the chemical inhibitor to that in the control system where the filtration activity was uninhibited. The ratio was presented in Table 8 . It is seen that both individual surfactants and the chemical products that are the mixtures of several chemicals including surfactants produced a significant effect on the filtration activity. The effect was concentrationdependent. Those data are in accord with previous studies by other authors who have found a similar inhibitory action of other chemicals or have used other organisms (e.g., Mitin, 1984; Widdows & Page, 1993; Stuijfzand et al., 1995; Donkin et al., 1997) .
It should be noted that the response of some species to specific pollutants may have a complex (e.g., bi-phasic) character and we have to be careful Table 7 . Contribution of various aquatic organisms to oxidation of organic matter in the ecosystem of central part of the Sea of Okhotsk (the period of time: the summer minimum of phytoplankton, the end of July to beginning of August) (Sorokin et al., 1997) Organisms
Respiration (% of the total respiration of the community) 281 when interpreting our experiments. We have to avoid oversimplification of the situation when a pollutant affects aquatic organisms as it is known that some concentrations of toxicants might produce a stimulation of biological functions. We do not extend our conclusions on all types and all concentrations of pollutants and xenobiotics. However at least in case of surfactants we definitely observed the inhibition of the filtering activity both in marine and freshwater organisms. It is interesting that the filering activity can be inhibited not only by the man-made chemicals, but also by some natural ecological chemoeffectors (kairomones). Thus, the filtration activity of Ceriodaphnia cf. dubia was inhibited by kairomones exuded by eastern rainbowfish Melanotaenia duboulayi at fish densities 0.125 fish l )1 or higher, when the fish were placed in culture water for one hour (Rose et al., 2003) .
All in all, the data shows that the filtering activity is a labile and vulnerable process.
From facts to some principles and general conclusions
The material above leads to formulation of some conclusions on fundamental features of filterfeeders. The logic of thoughts that start with facts and lead toward fundamental conclusions is presented in Table 9 . Each line of the table starts with a summary of factual data in the left cell of the line. The factual data are commented in the middle cell of each line, which pave the way for the short formulation of a more general principle in the right cell of each line.
The analysis given above provides some basis for a new vision of the risk of man-made disturbances in biota and ecosystems. This vision was formulated by us in the papers (Ostroumov, 2000a (Ostroumov, , 2003b and is summarized in Table 10 .
According to the approach presented in the table and discussed in more detail in (Ostroumov, 2003b) , the man-made inhibition of the water fil- As a result, the amount of suspended matter removed from the water by the filter feeders decreased. Therefore the amount of suspended matter left in the water was more than that in control. (Ostroumov (2003a) , with additions).
tration rate is a significant disturbance to the ecosystem. The inhibition of the filtration activity of filter-feeders may lead to the situation previously described as that of ecological bomb of the second type (Ostroumov, 1999) .
Conclusions
The studies of filter-feeders help to elucidate some important aspects of ecosystem stability and regulation, which are among the priorities in ecology ).
1. The filter-feeders perform some functions that are important services to ecosystem and are characterized by the following: (a) Filter feeders participate in the large-scale repair of water quality;
(b) Filter feeders contribute to the reliability of the mechanism and stability of ecosystem; (c) Filter feeders may potentially contribute to creating habitat heterogeneity; (d) Filter feeders by removing seston and excreting pellets are involved in 'ecological taxation': filter-feeders pay some ecological tax to the ecosystem; (e) Filter feeders contribute to acceleration (biocatalysis) of migration of elements; (f) Filter feeders contribute to the regulation of the metabolism of ecosystem.
2. Using several species of filter-feeders as a model system for studies, we have shown that the filtration rate may be inhibited by some xenobiotics and pollutants. 3. On the basis of our studies of various chemicals and organisms, we predict that new examples of pollutants and xenobiotics that inhibit the filtration activity of aquatic organisms will be found in future. 
